R
heumatoid arthritis (RA) is a chronic inflammatory disease of unknown etiology marked by a symmetric, peripheral polyarthritis. It is the most common form of chronic inflammatory arthritis (0.5% to 1% of the adult population worldwide) 1 and often results in joint damage and physical disability, in addition to a variety of extra-articular manifestations. Involvement of the elbow joint is reported in 20% to 65% of patients with RA 1 . Elbow arthroplasty is now accepted as the treatment of choice for patients with end-stage rheumatoid elbow involvement 2, 3 . Various authors have reported on the short, mid, and long-term outcomes of elbow arthroplasty for RA using various implant designs [4] [5] [6] [7] [8] [9] [10] [11] . At our institution, for a number of years, the majority of elbow arthroplasties for RA were performed using the same type of linked semiconstrained elbow implant. Some features of the implant, such as the surface finish and the materials used for the bearing surfaces, changed over time, but other design features remained similar. In a previous study, Gill and Morrey reported a 92% 10-year survival rate in a cohort of 78 elbow arthroplasties performed for RA using the Coonrad-Morrey implant (Zimmer), 46 of which had at least 10 years of followup 11 . Few additional studies have reported on the long-term outcome of this elbow arthroplasty implant.
In this study, we aimed to report on the long-term outcome of total elbow arthroplasty performed with use of the Coonrad-Morrey implant at a single institution in patients with RA.
Materials and Methods Patients
B etween 1982 and 2006, 461 primary total elbow arthroplasties with use of the Coonrad-Morrey prosthesis were performed at our institution in 387 patients with RA. The diagnosis of RA was confirmed through a comprehensive review of the medical record. Of the 461 arthroplasties, 55 were performed to treat concurrent acute traumatic or posttraumatic conditions, including superimposed posttraumatic arthritis (10 elbows), distal humeral fracture or nonunion (40 elbows), olecranon nonunion (4 elbows), or a combined distal humeral/olecranon nonunion (1 elbow). Table I summarizes the number of arthroplasties performed per year that were included in the study.
There were 305 women (365 elbows, 79%) and 82 men (96 elbows, 21%) with a mean age (and standard deviation) at the time of the index arthroplasty of 64 ± 11 years and a mean body mass index (BMI) of 25 ± 6 kg/m 2 (n = 456). Only 67 (15%) of the arthroplasties were performed in patients with a BMI of ‡30 kg/m 2 . Seventy-four patients had both elbows replaced; of these, 15 patients (30 elbows) had simultaneous bilateral elbow arthroplasty.
Implants and Procedures
All patients received a Coonrad-Morrey linked semiconstrained elbow arthroplasty prosthesis (Zimmer). The technique for implantation of this prosthesis has been described previously 11 . Antibiotic-loaded polymethylmethacrylate (PMMA) was used in all but 4 uncemented replacements. The length of the humeral component was 4 inches (10.2 cm) in 304 elbows, 6 inches (15.2 cm) in 153 elbows, and 8 inches (20.3 cm) in 4 elbows. There were no custom humeral components; 9 procedures were performed using a custom ulnar component. The surface finish of the ulnar component of this implant system was modified over time 12 . Thirty-six ulnar components had an early (firstgeneration) plasma spray coating, 157 had a beaded porous coating, 140 were precoated with PMMA, and 128 had a modern plasma spray coating. The mechanism used for component linking was modified in 1999; the firstgeneration mechanism included a titanium pin and a locking ring, whereas the more modern mechanism included 2 cobalt-chromium interlocking pins.
Evaluation
The patients were followed prospectively using a joint registry database for data management. This database includes preoperative clinical information as well as follow-up clinical information recorded at regular intervals after the index procedure (2 years, 5 years, 10 years, and every 5 years thereafter). At each follow-up interval, patients are queried regarding pain, motion, stability, activities of daily living, complications, and reoperations. The information may be collected during a follow-up appointment or through the use of a mailed or telephone questionnaire. Radiographs are also obtained at the same time points. For the purpose of this study, a researcher independent of the treating surgeons retrospectively collected information from the database and reviewed all patient charts to record pain, motion, scores as assessed with the Mayo Elbow Performance Score (MEPS), complications, and reoperations. Radiographs obtained prior to the index procedure, at 3 months postoperatively, and at the most recent follow-up were reviewed to determine implant fixation and polyethylene wear. Of note, wear was not routinely assessed with fluoroscopically positioned radiographs or stress fluoroscopy.
The duration of clinical follow-up was calculated from the time of the index arthroplasty until either the most recent patient contact or reoperation 
involving exchange or removal of any component (implant revision or removal). Of the 461 consecutive arthroplasties performed in the study period, 10 (2%) of the elbows (10 patients) were lost to follow-up, 10 were in patients who died within the first 2 years after surgery (9 patients, 2 patients in the first year and 7 in the second year), and 6 elbows (6 patients) underwent revision surgery within the first 2 years. The remaining 435 elbows were followed for a minimum of 2 years. The median clinical follow-up time for all 461 elbows was 9 years (range, 0 to 30 years). For the 435 elbows (362 patients) with a minimum follow-up of 2 years (94% of the initial cohort of elbows), the median follow-up was 10 years (range, 2 to 30 years).
Statistical Analysis
Continuous variables are shown as the mean and standard deviation, the mean with the range, the median with the range, or the median with the interquartile range (IQR). Categorical variables are expressed as the number with the proportion. A Kaplan-Meier analysis was utilized to determine the implant survivorship rates and pointwise 95% confidence intervals (CIs) for the whole prosthesis and the separate ulnar, humeral, and bushing components, with the end points defined as revision or resection for any reason, revision or resection for mechanical failure, revision or resection for aseptic component loosening, revision for isolated bushing exchange, and revision or resection for deep infection 13 . The category of revision for mechanical failure includes component aseptic loosening, periprosthetic bone fracture in the presence of aseptic loosening, component fracture, and/or bushing wear.
A multivariate Cox hazard model was created to determine the risks of revision for any reason and included sex, age, BMI (nonobese patients with a BMI of <30 kg/m 2 and obese patients with a BMI of ‡30 kg/m 2 ), prior elbow trauma, prior elbow surgery, and year of replacement surgery as variables. A univariate Cox model was also created evaluating the effect of the ulnar surface finish type on the risks of ulnar component revision for mechanical failure. All statistical tests were 2-sided, and the level of significance was set at p < 0.05.
Results

Revision Surgery and Component Removal
A t the most recent follow-up, 49 (11%) of the elbows had undergone component revision or implant removal (Table  II) . Deep infection was treated with implant removal or revision in 10 elbows at a median follow-up of 4 years (range, 0.1 to 20 years). The remaining 39 elbows were revised because of mechanical failure at a median follow-up of 7 years (range, 0.9 to 21 years). Ulnar component failure was the main reason for revision in 24 elbows. Humeral component failure was the main reason for revision in 5 elbows. One elbow underwent revision for combined humeral and ulnar loosening. The remaining 9 (2%) of the elbows underwent bushing exchange for wear, with retention of the ulnar Humeral and ulnar components 9
Humeral component 1 *Two total elbow arthroplasty revisions required bone-graft struts for construct augmentation. †One total elbow arthroplasty revision required a bone-graft strut for construct augmentation. and humeral components. Of the 6 elbows revised during the first 2 years after implantation, 3 underwent prosthesis removal because of infection and 3 underwent revision for aseptic loosening.
Survivorship Analysis
Implant survivorship free of component revision or removal for any reason was calculated for the prosthesis as a whole (any component, including revision for isolated bushing exchange) and for the ulnar and humeral components separately (Table III) . The rate of survivorship free of revision or removal for any reason was 92% (95% CI = 88% to 94%) at 10 years, 83% (95% CI = 77% to 88%) at 15 years, and 68% (95% CI = 56% to 78%) at 20 years.
Using component revision for aseptic loosening as an end point, the survivorship rate at 20 years was 88% (95% CI = 83% to 92%); it was 99% (95% CI = 97% to 99%) for the humeral component and 89% (95% CI = 84% to 93%) for the ulnar component. Using isolated bushing exchange as an end point, the rate of implant survivorship at 20 years was 89% (95% CI = 77% to 95%). Overall, approximately one-third of the arthroplasties had been removed or revised for any reason at 20 years (Figs. 1-A through 1-D) .
Other Reoperations and Complications
In this study cohort, the 90-day mortality rate was 0.3% for patients (1 of 387 patients) and 0.2% for procedures (1 of 461 estimates (solid line) and the pointwise 95% confidence intervals (dashed lines) using revision or resection for any reason ( Fig. 1-A) , revision or resection for mechanical failure ( Fig. 1-B) , revision or resection for aseptic loosening ( Fig. 1-C) , and revision for isolated bushing exchange ( Fig. 1-D) as the end points.
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arthroplasties). Other complications are summarized in Table  IV . A total of 95 elbows (88 patients) underwent at least 1 additional procedure after the index arthroplasty (median, 1 procedure; range, 1 to 8 procedures). Fifty-seven elbows underwent only 1 additional procedure, 20 elbows underwent 2, 9 elbows underwent 3, 6 elbows underwent 4, and 1 elbow each underwent 6, 7, and 8 additional procedures, respectively (Table V) . As mentioned previously, 49 elbows underwent a reoperation involving component revision or removal. Of the remaining 46 elbows that underwent a reoperation with component retention, 26 underwent ‡1 irrigation and debridement procedure for deep infection. Thus, the overall rate of deep infection requiring reoperation was 7.8%.
Pain and Functional Outcomes
Subscores for calculating the MEPS were available for 327 (85%) of the 386 elbow arthroplasties with a minimum followup of 2 years and no implant revision or removal. At the most recent follow-up, the median MEPS was 90 points (IQR, 80 to 100 points). Pain was graded as mild or absent in 285 (87%) of the elbows. The latest arc of motion measurements showed a mean of 20°for extension (range, 0°to 90°) and a mean of 135°f or flexion (range, 50°to 155°), with a flexion-extension arc of >100°in 234 (72%) of the elbows. The median MEPS function subscore was 25 points (IQR, 20 to 25 points), with full performance of activities of daily living (i.e., combing the hair, feeding oneself, personal hygiene, and putting on pants and shoes) noted for 204 of the elbows. Figs. 2-A and 2-B Anteroposterior (Fig. 2-A) and lateral ( Fig. 2-B ) radiographs 20 years after total elbow arthroplasty performed in a 41-year-old female patient. Note the absence of radiolucent lines or substantial wear. This patient reported no pain and had an excellent MEPS.
P.O. = postoperative.
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Radiographic Outcomes
There were 309 elbows (265 patients) with adequate radiographs at a minimum of 2 years after the index arthroplasty; these represent 80% of the 386 elbows (334 patients) with a minimum clinical follow-up of 2 years and no implant revision or removal. The median radiographic follow-up for these 309 elbows was 6 years (range, 2 to 26 years). Radiographic followup was <2 years for 106 elbows, between 2 and 5 years for 109 elbows, between 5 and 10 years for 125 elbows, between 10 and 15 years for 77 elbows, between 15 and 20 years for 35 elbows, and >20 years for 9 elbows. At the most recent follow-up, 301 of the total elbow arthroplasties had no radiolucency or minor radiolucency (none, type I or type II) around both components, 6 around the humeral component only, and 1 around the ulnar component only (Figs. 2-A and 2-B) 
11
. One total elbow arthroplasty had major radiolucency (type IV or V) around both components, 1 around the humeral component only, and 6 around the ulnar component only, with an ulnar component fracture in 1 elbow. These 8 elbows were considered to have radiographic evidence of loosening but had not been revised at the most recent follow-up.
The bone graft placed behind the flange of the humeral component was considered radiographically to be incorporated in 274 elbows and partially or completely resorbed in 35 elbows. Bushing wear, defined as an intersection angle of >7°b etween the humeral and the ulnar component, was identified on the most recent anteroposterior radiograph in 71 elbows (23% of the surviving elbows with a minimum of 2 years of radiographic follow-up) (Figs. 3-A and 3-B) .
The results of a subset of elbows followed for a minimum of 10 years are presented in the Appendix.
Risk Factors for Revision or Component Removal
Men had a significantly greater risk of revision compared with women (hazard ratio [HR] = 2.49; 95% CI = 1.32 to 4.55; p = 0.006). In addition, patients with concomitant trauma or posttraumatic sequelae had a significantly greater risk of revision compared with those who did not have a history of elbow trauma (HR = 2.46; 95% CI = 1.12 to 4.97; p = 0.026). The remaining variables analyzed did not achieve significance.
The effect of the ulnar-surface finish type on the risk of ulnar component revision for mechanical failure was assessed Fig. 3-A  Fig. 3-B Figs. 3-A and 3-B Anteroposterior (Fig. 3-A) and lateral ( Fig. 3-B) radiographs 21 years after a total elbow arthroplasty performed in a 50-year-old male patient with RA. Note the presence of polyethylene wear. using a univariate analysis. Four surface finishes were compared: early (first-generation) plasma spray coating, beaded porous coating, PMMA precoating, and modern plasma spray coating. Compared with the component with the modern plasma spray, the PMMA precoated component was associated with a significantly greater risk of ulnar component revision for mechanical failure (HR = 4.57; 95% CI = 1.27 to 29.23; p = 0.017), whereas the component with the early plasma spray (HR = 1.05; 95% CI = 0.05 to 11.28; p = 0.97) and the porouscoated beaded component were not (HR = 1.06; 95% CI = 0.23 to 7.46; p = 0.94). The PMMA precoated component also showed significantly greater risk of ulnar component revision for mechanical failure compared with the porous-coated beaded component (HR = 4.30; 95% CI = 1.73 to 12.28; p = 0.0013); however, this increase in risk was not statistically detectable when the PMMA precoated component was compared with the component with the early generation of plasma spray (HR = 4.34; 95% CI = 0.87 to 79.11; p = 0.08) (Fig. 4) .
Discussion
T he results of our study seem to indicate that total elbow arthroplasty with a very commonly used linked semiconstrained implant design provided satisfactory long-term outcomes in a large cohort of patients with RA. Deep infection, aseptic loosening of the ulnar component, and polyethylene wear were the main reasons for failure. The overall rate of infection requiring revision or reoperation was nearly 8%. Ulnar component revision was the main reason for revision in 24 of the 39 elbows revised for mechanical failure. Bushing wear was identified in almost 1 of every 4 surviving elbows with a minimum of 2 years of radiographic follow-up.
Deep infection required implant removal or revision in 10 (2.3%) of the elbows. However, the overall infection rate was much higher (7.8%), with 26 additional elbows requiring debridement and component retention for deep infection. The relatively high rate of infection following elbow arthroplasty compared with the replacement of other joints needs to be kept in mind when counseling patients with RA.
Mechanical failure of the ulna was more common for this particular implant. It was particularly high with the PMMA precoated ulnar component. A previous study has noted the high failure rate of this surface finish, in which component debonding from cement led to florid osteolysis and sometimes periprosthetic fracture 12 . This seems to have been resolved with the current plasma spray surface finish. This finding emphasizes the fact that sometimes a single change in component design can lead to an unexpected change in failure rates. Overall, however, cement fixation of the Coonrad-Morrey implant provided long-lasting fixation, as reflected by a 20-year rate of survivorship free of revision due to aseptic loosening of 88%.
Polyethylene wear is difficult to assess accurately after elbow arthroplasty [14] [15] [16] [17] [18] . In the absence of stress radiographs in varus and valgus, wear can be underestimated. In this study, we assessed wear by measuring the angle between the ulnar and humeral components on the anteroposterior radiograph. Polyethylene wear was identified in approximately one-fourth of the surviving elbows with adequate radiographic follow-up of at least 2 years. Only 9 (2%) of the elbows were revised specifically to exchange the polyethylene bushing, but polyethylene wear was also noted at the time of revision surgery in most elbows revised for loosening. This finding supports recent efforts by various designers of modern implants to develop components with better wear performance.
Our study had a number of limitations. Clinical and radiographic information was not available for all patients with a minimum of 2 years of follow-up; adequate radiographs at the most recent follow-up were not available for approximately 20% of the elbows with no history of implant revision or removal. Thus, our study may underestimate the rate of radiographic asymptomatic loosening or polyethylene wear. In addition, the evolution of implant design had a major effect on the overall survivorship. Information on triceps function after arthroplasty or sensory changes in the ulnar nerve distribution were not fully captured in earlier medical records, preventing us from accurately analyzing these aspects of outcome. Lastly, polyethylene wear was not measured on standardized stress radiographs.
Nonetheless, this study also had a number of strengths, including, to our knowledge, the largest experience yet reported in the literature of a continuous series, without exclusion of any elbow operated on, since this particular implant was introduced; clinical and radiographic surveillance of up to 30 years; accurate capture of reoperations and complications; and detailed radiographic evaluation.
It is important to emphasize that the characteristics of patients with RA have changed over time 1, 2 . Currently, patients with RA are less affected by their disease because of the introduction of biologic disease-modifying drugs. It is possible that more recent patients with RA are more active than most of the patients included in this study 19 . Thus, the results of our study should be interpreted with caution, since more active patients with RA might be prone to a higher implant failure rate as seen in patients with posttraumatic arthritis 20 . It is also important to realize that over the last 2 decades, the indications for elbow arthroplasty have been expanded to patients without inflammatory arthritis. Patients with acute distal humeral fractures and nonunions, as well as those with posttraumatic osteoarthritis, represent very different patient populations compared with those with inflammatory arthritis. Lessons learned from our experience with elbow arthroplasty for RA may be used only to some extent to improve the outcome of the procedure across other indications. We have learned that some aspects of implant design that may have been introduced in an effort to improve performance can actually result in higher failure rates, making it important to be careful when selecting implants and introducing new design modifications. We have also learned that, with the correct stem design and surface finish, stem loosening becomes less of a problem, and polyethylene wear becomes the "weak link". Finally, we have learned that non-implant-related complications, such as ulnar neuritis, triceps insufficiency, fractures, and infection, compromise the clinical outcome of the procedure in patients with surviving implants, and that once a patient develops a complication needing reoperation, it sets the stage for possible additional reoperations.
In conclusion, elbow arthroplasty involving the use of a linked semiconstrained cemented implant provided good clinical results in patients with RA. In this large cohort of patients followed for up to 30 years, the overall revision rate for implant revision or removal was 11%, leading to a 15-year survival rate of 83% and a 20-year survival rate of 68%. Importantly, failures gradually increased with follow-up, a finding that has substantial implications when considering the treatment of younger, more active patients. Most fixation failures were attributed to a change in the surface finish of the ulnar component. The decrease in survival between 15 and 20 years seems to be attributed mostly to polyethylene wear. These results will hopefully be of use to counsel patients with RA about the expected long-term performance of elbow arthroplasty and to determine whether newer implant designs truly translate into improved implant longevity.
